T halamocorTical oscillations are generated by both intrinsic oscillatory properties of individual neurons and reciprocal connections within the thalamocortical network. These oscillations likely play an important role in the regulation of consciousness in the mammalian brain and are an integral component of the electrical activity that is recorded from the cortical surface on electroencephalography. 14, 20, 31 In mild to moderate TBI, damage to underlying thalamocortical circuits and other neuronal networks may result in alterations in EEG activity that include decreased frequency and increased synchronization. 14, 20, 31 In patients who have suf- Object. Traumatic brain injury (TBI) often causes an encephalopathic state, corresponding amplitude suppression, and disorganization of electroencephalographic activity. Clinical recovery in patients who have suffered TBI varies, and identification of patients with a poor likelihood of functional recovery is not always straightforward. The authors sought to investigate temporal patterns of electrophysiological recovery of neuronal networks in an animal model of TBI. Because thalamocortical circuit function is a critical determinant of arousal state, as well as electroencephalography organization, these studies were performed using a thalamocortical brain slice preparation.
T halamocorTical oscillations are generated by both intrinsic oscillatory properties of individual neurons and reciprocal connections within the thalamocortical network. These oscillations likely play an important role in the regulation of consciousness in the mammalian brain and are an integral component of the electrical activity that is recorded from the cortical surface on electroencephalography. 14, 20, 31 In mild to moderate TBI, damage to underlying thalamocortical circuits and other neuronal networks may result in alterations in EEG activity that include decreased frequency and increased synchronization. 14, 20, 31 In patients who have sufSuppression of thalamocortical oscillations following traumatic brain injury in rats fered severe TBI and extensive damage to underlying networks, burst-suppression patterns and progression to flat EEG activity are common. 14, 20, 31 Clinical recovery in patients following significant TBI varies, and identification of individuals with a strong likelihood of functional recovery over time is not always straightforward. In patients who suffer TBI, it is sometimes useful to consider the relative contributions of reversible and irreversible injury to the clinical presentation. Irreversible injury represents structural damage to intricate neuronal networks that is unlikely to improve over time, even with repopulation or reorganization of neuronal structures. 21 In contrast, reversible deficits typically improve as the neural network recovers from the original insult. Among the possible causes of reversible injury is metabolic dysfunction, which occurs during cerebral hypoxia, hypoperfusion, and/or excessive neurotransmitter release immediately after traumatic injury. 19 Another potentially reversible cause is the structural disruption of cytoskeletal elements, which are critical for neurotransmitter trafficking and normal synaptic transmission. 18 A more accurate understanding of the time course of recovery of this reversible injury would provide useful information to help guide clinical decision making.
In previous reports, we have demonstrated the integrity of thalamocortical connections with the slice-preparation technique described in this article. Moreover, we have shown spontaneous oscillatory activity recorded in the cortex to be dependent on intact glutamatergic signaling and thalamocortical interconnections. 15, 16 In the present study, we evaluated the recovery of thalamocortical oscillations over time by performing in vitro examination of thalamocortical slices in a rat model of head injury.
Methods

Fluid-Percussion Model of TBI
All procedures were in compliance with accepted Virginia Commonwealth University institutional animal care and use protocols. Seventy adult male Sprague-Dawley rats (weighing 250-300 g) were used in the experiment. Rats were anesthetized with sodium pentobarbital (54 mg/kg, intraperitoneally). After an adequate level of anesthesia had been reached, a 4.8-mm skull trephine opening was prepared over the parietal cortex of the right hemisphere. A Luer-Lock syringe hub was cemented with cyanoacrylate to the skull surrounding the trephine hole, and 2 small screws were placed in the adjacent skull to heighten implant rigidity. Bacitracin was then applied to the incision, and the animal was allowed to return to its home cage.
Twenty-four hours following implantation of the syringe hub, rats were anesthetized with isoflurane (4 minutes of exposure to 4% in carrier gas of 70% N 2 O and 30% O 2 ) and subjected to TBI. The fluid-percussion device used to produce TBI has been described in extensive detail. 10, 16 The device consists of 2 ends (Fig. 1) . One end houses a pressure transducer (EPN-0300A, Entran Devices, Inc.). The opposite end consists of a 60 × 4.5-cm Plexiglas cylinder filled with isotonic saline that is fitted at one end with a piston mounted on O-rings. After a metal pendulum strikes the piston, a small and fixed amount of saline is injected into the intracranial cavity. This injection results in deformation of the cortex for an approximate 20-msec duration. Pressure from the event, recorded in atmospheres by the pressure transducer component of the fluid-percussion device, approximates 2.0 ± 0.1 atm. After the injury is sustained, the animals are maintained on ventilation with room air until spontaneous respirations return. Each group started with 14 animals, but a number of animals died within 24 hours (acute mortality, 3-5 animals/group) or during the subsequent postinjury phase (either delayed mortality or mechanical disruption of the skull-based syringe hub, which required premature sacrifice [chronic mortality]).
The control group of rats that received sham injuries was subjected to the aforementioned procedures except that the intracranial pressure pulse was not injected. Following the fluid-percussion and sham injuries, rats were allowed to survive for 1 hour, 2 days, 7 days, or 15 days prior to sacrifice and electrophysiological recording.
Rat Thalamocortical Slice Preparation
The technical details regarding rat thalamocortical slice preparation have been described. 16 Briefly, animals in both the experimental and control groups were anesthetized with isoflurane for 1-1.5 minutes and decapitated; the brains were removed and placed in an ice-cold 30 solution within 2 minutes of decapitation. Thalamocortical slices 450-μm thick were then cut with a vibratome at a modified angle, as has previously described for mice.
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In each animal 2-4 slices in which thalamocortical connections remained intact were removed. These slices were then incubated 1 to 2 hours prior to recording in nominally magnesium-free ACSF to facilitate thalamocortical oscillations. 8, 29 Electrophysiological Recording Documentation of Thalamocortical Tract Integrity. Pri or to formal recording, the active connection between the ventrobasal complex of the thalamus and somatosensory cortex was visualized by transilluminating the thalamocortical slices following preparation. In the adult rat, the anatomical continuity of fiber tracts is readily visible on gross inspection (Fig. 2) . Each slice chosen for analysis passed visual inspection in this manner. Functional connectivity of the slices was confirmed by recording evoked responses using both intra-and extracellular methods, as we have previously described. 27 Measurements to help confirm intact corticothalamic connections included whole-cell intracellular recording of ventrobasal complex relay neurons in which cortical stimulation consistently evoked an excitatory postsynaptic potential and burst-firing response. The morphology of this response complex was thought to be representative of direct, reciprocal thalamocortical fiber activation. Alternatively, ventrobasal complex stimulation was able to evoke extracellularly recorded responses in Layer IV of the cortex in all slices tested.
Recording Procedures. Documentation of spontaneous activity in the slice was facilitated by withholding Mg 2+ during incubation. However, during recording, the slice was perfused with ACSF containing physiological levels of Mg 2+ (1.2 mM). Slices were placed in an interface recording chamber and perfused with warmed (34°C) 95% O 2 5% CO 2 -saturated ACSF. The ACSF contained (in mM) 124 NaCl, 3.5 KCl, 1.25 NaH 2 PO 4 , 1.2 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , and 10 glucose. Whole-cell current clamp and extracellular recordings were obtained with AxoClamp 2B (Molecular Devices). For the current clamp, "blind" slice patch techniques were used. 6 Patch electrodes (5-6 MΩ) were filled with a potassium gluconate-based solution containing (in mM) 110 potassium gluconate, 10 KCl, 10 HEPES, 1 Na-EGTA, 0.1 CaCl2, 2 MgCl2, 2 Na-GTP (pH 7.25). The osmolarity of the patch electrode solution was adjusted to 10% lower than the ACSF in which the slices were bathed to facilitate seal formation. Series resistance (90%) and capacitance compensation were employed. Electrical stimuli (100-μsec duration, 25-to 250-μA intensity) were delivered through a bipolar electrode (100 μm between 2 tips) locally along the vertical axis relative to the recording electrode, because more effective responses were seen in the column orientation. Data were digitized with the use of Digidata 1200 Interface (Axon Instruments) and acquired using pClamp6 (Axon Instruments) online or offline. Additional data were acquired and analyzed using Whole Cell Electrophysiology Program (J Dempster, Dagan Corporation, 1994).
Extracellular recording was carried out with glass pipette (6-8 MΩ) filled with physiological saline. Systematically, slice mapping in 1-mm steps across the cortex was performed using extracellular electrodes to ensure the detection of SCOs in both control and TBI slices. An extensive effort was made to localize electrical activity and optimize recordings from the target area. Slow cortical oscillations were defined as spontaneous cortical potentials with regularly recurring waveforms with a frequency of 0.01-0.5 Hz. Figure 3 provides an example of the SCOs recorded in the aforementioned perfusion conditions-note the correspondence between the intracellular (resting potential -80 mV) and extracellular recordings. Initially, SCOs were simultaneously recorded both intra-and extracellularly, as depicted in Fig. 3 -with the recording site located in the deep layer of vibrissa representation (barrel field) of somatosensory cortex. The 2 pipette electrodes were approximately 0.5 mm apart during this recording interval. Following individual assessment and calibration, the intracellular recording was found to correlate with the extracellular recording. Because extracellular recordings allow the examination of electrical activity of a larger population of neurons, this technique is arguably more useful for exploring changes in network activity. Therefore, this technique was used as the primary objective measure for subsequent determination of slice activity (SCOs) in the present study. Measurement parameters used to characterize SCOs included amplitude, area, and frequency.
Response to Stimulation. In addition to spontaneous recording of SCOs, a portion of this experiment was devoted to assessment of neural physiology following electrical stimulation to evoke SCO-like potentials. To evaluate the functional connectivity of the thalamocortical network to electrical stimulation, single-pulse electrical stimulation (100 μsec, 5-100 μA) was applied in the ventrobasal complex region of the thalamus, and responses were recorded in the cortex.
Histopathological Analysis. Following completion of electrophysiological testing, injured slices were histologically stained to examine the integrity of the cortical thalamic fiber tracts after fluid-percussion TBI. Briefly, brain slices were fixed in 4% paraformaldehyde overnight in a Petri dish, and then the slices were embedded in 3% agar. Embedded slices were kept at 4°C for 60 minutes and were then cut in 40-μm slices with a vibratome. Brain sections were first stained with cresyl violet (Fig. 4A) . Some sections were immunohistochemically stained with MAP2 (1:3000, Sigma) (Fig. 4B-D) and GFAP (1:1000; ICN Biomedicals, Inc.) (Fig. 4F-G) . Immunohistochemistry was conducted using methods described previously. 32 The thalamocortical slices were also visualized with Timm silver stain to reveal the bundles of connection tracts.
Statistical Analysis
Data obtained from extracellular measurements of SCOs were analyzed using GraphPad software (GraphPad Software Inc.). Categorical data were analyzed using a chi-square test with Bonferroni correction for multiple comparisons. Statistical significance was determined when the p value was less than 0.05.
Results
To evaluate the suppressive effect of TBI on SCO, formal measurements of SCOs were obtained in injured and sham-injured groups. Slow cortical oscillations were detected in 94% (29 of 31) of control sham slices and in 100% (n = 14) of rats in the control sham group. In contrast, SCOs were detected in only 14% (4 of 29) of slices and in 38% (3 of 8) of rats in the experimental group at 1 hour post-TBI (Fig. 5) . In the 14% of slices that did exhibit electrical activity consistent with SCOs, waveform amplitude and area were significantly depressed (Fig. 6A and B, p < 0.001). This depression in waveform amplitude and area in post-TBI rats remained statistically significant at 2 and 7 days postinjury. By Day 15 postinjury, however, the difference between injured slices and control slices was no longer significant. The percentage of slices with detectable SCOs increased from 14% 1 hour post-TBI, to 32% at 2 days post-TBI, to 50% at 7 days post-TBI, and to 85% at 15 days post-TBI (p < 0.001, p = 0.001, and not significant, respectively) (Fig. 5) . The peak amplitude and area of the SCOs that were visible were found to be significantly depressed at 1 hour, 2 days, and 7 days postinjury ( Fig. 6A and B) , and they then demonstrated a time-dependent recovery that had essentially normalized by postinjury Day 15. The frequency SCOs was reduced in all slices throughout the postinjury period (Fig. 6C ) and was only 40% of baseline frequency even on the 15th day following TBI.
The loss of spontaneous network activity could represent disrupted thalamocortical connectivity but could also simply be due to globally suppressed neuronal excitability. To test for this possibility, the effects of TBI on evoked responses were also assessed. Figure 7 depicts the evoked responses recorded in control and experimental group slices. Initially after TBI, there was a decline in evoked potentials, with only 28% of slices exhibiting detectable activity on postinjury Day 2. Thereafter, there was a gradual recovery in evoked potential response so that by Day 15, 100% of the slices had regained the ability to generate evoked responses. The loss of evoked potential was most significant on the 2nd day following TBI (p < 0.01). Not only did the number of slices with evoked responses diminish for several days following TBI, but stronger stimulation intensity (measured in microamperes) was required to produce evoked responses from postinjury Hour 1 to postinjury Day 7 than postinjury Day 15 (Fig. 7B) . Interestingly, postinjury disruption of evoked responsiveness was different than it was for the spontaneous oscillations. A higher percentage of slices could be activated with more intense stimulation at 1 hour than at both 2 and 7 days postinjury. It merits consideration that, on postinjury Day 15, both spontaneous and evoked multiple SCOs were detected. Such a "rebound activity" might mark the recovery of baseline functional potential of thalamocortical circuitry.
Following completion of electrophysiological testing, slices were visually inspected, and a subset of slices was prepared for histological review using MAP2 and GFAP immunohistochemistry. On gross visual inspection, slices removed from mild injured TBI rats contained punctuate subcortical hemorrhage. Histological analysis did not reveal evidence of gross neuronal loss or astrocytic proliferation in either in cortex or thalamus. Neuronal, subcellular, and astrocytic structures remained histologically intact (Fig. 4) . 
Discussion
Following acute brain injury, such as trauma or stroke, there are at least 3 definable phases of recovery. Immediately following an injury, cerebral edema and other metabolic disturbances may produce profound neurological deficits that recover over a period of hours to days. A subacute phase then ensues over a period of days to weeks, in which changes in network activity often allow for recovery of functional deficits, albeit with altered patterns of cortical activation. Ultimately, some individuals recover completely, while many others are left with permanent neurological dysfunction. 11, 23 The EEG abnormalities and alterations of consciousness seen during these subacute and chronic periods of "recovery" indicate a disruption in overall network function. 4, 7, 11, 18, 21, 27 A number of well-described cellular responses following TBI have been reported during this phase, including axonal compaction, gliosis, and impaired action potential generation. Although these microscopic changes are often correlated with the initial severity of trauma, the highly variable tempo and magnitude of neurological recovery following TBI have made it extremely difficult to determine which of these changes contribute to recovery and which changes instead produce pathological plasticity. 4, 5, 11, 28, 34 The experiments reported in the present study were designed to explore the physiological underpinnings of the acute and subacute phases of TBI recovery, and the results suggest that even after resolution of the most severe acute deficits there is a phase of profound network dysfunction that produces readily quantifiable abnormal electrophysiological recordings. Previous work has shown that this amount of energy transfer induces moderate TBI, which is associated with temporary dysfunction of both motor and cognitive testing, but without the complications of overt seizures or high mortality rates. 4, 7, 18, 23 Our lab, and others, has found that rats exposed to this degree of TBI have reduced exploratory activity, poor coordination, and slowed reaction times, as well as altered hippocampal neurotransmission within the first 1 to 2 weeks after TBI. 25 In the current study, we found that while SCOs could be detected in slices from all shaminjured animals, the majority of post-TBI animals did not have detectable SCOs in the acute period following injury. Moreover, a minority of post-TBI animals in which SCOs could still be detected exhibited significantly reduced signal amplitude compared with controls. Similar to the behavioral changes documented by Reeves et al., 25 these electrophysiological changes recovered almost completely by 2 weeks after the injury.
Thalamocortical oscillations have long been implicated in diverse brain functions including attention, sleep, and epilepsy. 13 Moreover, neuronal oscillations, such as the SCOs and evoked SCOs reported here, are effective and quantitative means of examining how neurons function within a network. While some spontaneous oscillatory activity can be recorded from isolated Layer V cortical neurons, an intact thalamocortical circuit is required to generate the high-amplitude, synchronous oscillations observed in this study. 8, 14, 29, 31 More specifically, spontaneous oscillatory potentials generated by individual thalamic neurons are critical determinants of the pace and organization of this network activity. Briefly, excitatory feedback from the cortex activates neurons of the thalamic reticular nucleus. These GABAergic thalamic reticular nucleus neurons, in turn, form inhibitory synapses onto a large number of thalamic relay neurons, resulting in a near-simultaneous pause in distal electrical activity following stimulation. This electrical quiescence is followed by rebound barrages of action potentials in glutamatergic relay neurons that result in the synchronous excitation of many cortical neurons. 13, 14 Thalamocortical network activity is furthermore determined by the level of excitability of individual neurons within the thalamus and cortex, and the connectivity between these two regions While mechanical disruption of thalamocortical connections in the fluid-percussed rats remains a possibility, we found no obvious histological changes, aside from petechial microhemorrhages. Instead, our data support an underlying functional disruption. For example, acute brain injury is often accompanied by surges of extracellular potassium as well as excitatory and inhibitory neurotransmittersmost notably glutamate and GABA. 2, 9, 22, 26 Another potential mechanism involves microstructural disruption of intracellular organelles and cytoskeletal elements, including microtubule networks responsible for shuttling of neurotransmitters, specialized synaptic elements, or multiple other pathways vital for synaptic transmission. 18, 24 Other possibilities include the axonal compaction, gliosis, and impaired action potential generation that have been described following injury. In truth, TBI-induced reduction in SCOs likely relates to multiple causal factors, and more studies are needed to elucidate this further.
Along similar lines, there may very well be distinct biological processes mediating specific phases of recovery. For example, while we did not see gross morphological changes in the subacute recovery period, 7 we used a more prolonged recovery period and found that TBI induces apoptosis of thalamic neurons. However, these changes did not begin until 2 weeks following injury and peaked at 1 month, long after the network dysfunction described here had mostly resolved. Indeed, it is intriguing to note that our studies also found evidence for discrete phases of network dysfunction/recovery. While SCOs were suppressed immediately after TBI, we found a brief window during the early recovery period in which neuronal excitability (as assessed by evoked oscillations) was relatively preserved. It is tempting to speculate that loss of SCO activity may somehow modulate subsequent thalamocortical excitability and eventual neuronal death. It would be interesting to follow neurological decline and recovery following TBI in a model in which experimental manipulation allows network activity to be adequately maintained in the postinjury period. Indeed, we previously demonstrated excessive GABA A receptor-mediated inhibition among injured cortical neurons, 17 and several studies have shown that pharmacological modulation of GABA A receptor function can lead to improved neurological function and cortical activity in animal models of TBI, as well as in patients. 5, 6, 12 Similarly, electrical "pacing" of thalamic activity is being explored as a potential means of maintaining network activity during this subacute post-TBI phase to help improve long-term outcomes. 3, 12, 28 It is worth noting that our results may underestimate the degree of thalamocortical suppression because we were only able to study brain slices obtained in animals that survived the recovery period. Although much less likely, it is possible that this network suppression was actually protective and our results overestimate the degree of network alterations. Thus, understanding the mechanisms underlying this compromised network activity offers an exciting opportunity to explore the biological bases of TBI and develop potential therapeutic interventions.
Conclusions
The experimental model presented here provides a useful, quantitative tool for exploring the physiological basis of neurological dysfunction in the early phases of recovery after TBI. Similar studies may be used to offer insight into future development of electrophysiological and pharmacological therapies to accelerate and maximize patient recovery following TBI. Interval refinements of noninvasive electrophysiological recording techniques, with increased spatial and temporal resolution, may improve our ability to predict prognosis following TBI in the future. Data presented in this report add to the growing body in the scientific literature, which offers hope that functional neuromodulation may one day help to minimize long-term neurological deficits following TBI.
The results suggest that there is an injury-induced functional disconnection in the thalamocortical system that gradually, but incompletely, recovers in the fluid percussion-injured rat by postinjury Day 15. The functional changes appear to be independent of any gross anatomical disconnection of corticothalamic circuitry and may help to explain the clinical time course of cortical dysfunction in TBI patients with minimal findings on neuroimaging. 
